M ost thoracolumbar fractures have a good healing outcome when treated adequately. Unstable thoracolumbar fractures are managed using urgent surgical treatment, whereas less severe thoracolumbar fractures are managed using bracing and serial imaging to evaluate bony healing and alignment. However, posttraumatic thoracolumbar kyphosis can occur in a proportion of thoracolumbar fractures despite adequate treatment or due to inappropriate or delayed treatment. 24, 29 Posttraumatic thoracolumbar kyphosis could be caused by factors related to treatment of the injury, such as delayed treatment, inadequate immobilization, weight bearing too early, incorrect surgical procedure and/or fixation (posterior-only surgery, short fusion segment, or prior abbreviatioNS AIS = American Spinal Injury Association Impairment Scale; AP = anteroposterior; ODI = Oswestry Disability Index; SPO = Smith-Petersen osteotomy; VAS = visual analog scale.
laminectomy), and improper choice of internal fixation devices, and also by factors unrelated to treatment, such as osteoporosis, osteonecrosis of the vertebral body, or Charcot spine. 15, 20, 23, 29 Pathological changes in posttraumatic thoracolumbar kyphosis include muscle or disc degeneration, canal compromise, and local instability. Patients with posttraumatic thoracolumbar kyphosis present with a variety symptoms, including local muscle fatigue or pain, focal deformity, and neurological deficits. 7, 9, 13, 29, 31 Therefore, pain intractable to conservative treatment, progressive deformity, or progressive neurological deficits are the main indications for surgical intervention.
There are several surgical procedures that can be used to correct kyphosis. 10, 17, 26, 27 Since the Smith-Petersen osteotomy (SPO) technique was first described by SmithPetersen in 1945, anterior, posterior, or combined anterior and posterior procedures for correcting thoracolumbar kyphosis have been advocated by different authors, with varying degrees. 5, 18, 23, 25 However, the ideal management remains controversial.
The aim of this retrospective study was to illustrate the technique of modified closing wedge osteotomy for the treatment of posttraumatic thoracolumbar kyphosis and to evaluate the radiological findings and clinical outcomes of patients treated using this technique.
methods patients
Thirteen consecutive patients with symptomatic posttraumatic thoracolumbar kyphosis were treated using modified closing wedge osteotomy at our hospital between May 2010 and May 2012. This study was performed with the approval of the ethics committee of our hospital. The patients included 3 males and 10 females, with a mean age at the time of operation of 62 years (range 44-75 years). The mean follow-up period was 22 ± 17 months (range 12-32 months).
The mean delay between the initial fracture and kyphosis correction was 29 ± 17 months (range 8-63 months). All cases had been managed conservatively (no previous surgical treatment), and the injured vertebra was the kyphotic apex vertebra as well as the osteotomy level (T-10 in 1 case, T-11 in 1 case, T-12 in 3 cases, L-1 in 6 cases, and L-2 in 2 cases) ( Table 1) .
The main complaint of all patients was back pain, as well as pain, numbness, or weakness of the lower extremities. For patients with neurological deficits, the American Spinal Injury Association Impairment Scale (AIS) grade was C in 2, D in 5, and E in 6 patients. All patients received strict and regular conservative treatment for at least 3 months before surgery and had definite surgical indications (pain intractable to conservative treatment, progressive deformity, or progressive neurological deficits).
operative technique
All procedures were performed using somatosensory evoked potential monitoring. Following endotracheal intubation, patients were placed prone on a radiolucent operating table. Transverse chest and hip/thigh pads were used to maintain maximum extension of the lumbar spine to facilitate intraoperative osteoclasis throughout the osteotomy.
A posterior midline incision was made spanning from 2 or 3 levels above the fracture site to 2 or 3 levels below it, and a subperiosteal dissection was performed from the spinous process to the tip of the transverse process at all predetermined levels.
With C-arm fluoroscopic guidance, monoaxial pedicle screws were then inserted 2 or 3 levels above and 2 or 3 levels below the osteotomy site. The selection of 2 versus 3 levels above and below the instrumentation was based on the bone strength (age and bone mineral density score). Five cases involved 2 levels, and 8 cases involved 3 levels above and below the instrumentation. The modified closing wedge osteotomy was then performed (Fig. 1) . Posterior elements of the apical vertebra were removed, and epidural scarring was released carefully if necessary. An extensive posterior decompression of the dura was necessary to prevent invagination of the dura with osteotomy closure. Meticulous subperiosteal dissection was performed down to the lateral wall of the apical vertebra. Care was taken to protect the exiting nerve root and segmental vessels. Electric cauterization and hemostatic gauze were used to control bleeding of any segmental vessels injured during dissection. A transpedicular decancellous procedure, which is similar to the "egg-shell" technique, was then performed within the apical vertebral body using a pedicle probe and drill to create a wedge resection space toward the upper segment of the damaged intervertebral disc. During this process, a probe was used to check the depth of the bone resection under fluoroscopy. When an adequate amount of the vertebral body was removed, the bilateral cortical bone of the apical vertebra was removed using a rongeur to create an operative window, which can provide sufficient space for removing the upper damaged disc. The posterior cortical bone, upper endplate, and intervertebral disc of the apical vertebral body were then removed (Fig. 1) . Temporary rods were used to prevent any uncontrolled closure of the osteotomy space, and the size of wedge space was adjusted according to the surgical plan.
Finally, the wedge osteotomy space was closed gradually and smoothly while confirming no residual soft or bony compression at the resected margin. No further anterior support was needed. Adequate auto-and allograft bone was then placed in the intertransverse processes in each patient. Suction drains were placed, and the wound was closed in layers.
Postoperatively, the patients were allowed out of bed using a customized thoracolumbar orthosis 24 hours after surgery. The orthosis was used for 3 months.
radiological evaluation and clinical assessments
Radiological evaluations were based on standing anteroposterior (AP) and lateral views, flexion and extension lateral views, and 3D CT scans. Magnetic resonance imaging was performed to analyze the influence of surgery on the spinal canal. Kyphotic deformity was assessed on lateral radiographs using the Cobb method. Regional angles between the superior endplate of the vertebra above the apical (wedged) vertebra and the inferior endplate of the apical vertebra below were measured preoperatively, immediately after surgery, and at the final follow-up. The sagittal spine alignment was evaluated as the distance from the C-7 plumb line to the posterosuperior corner of S-1 or the sacral promontory.
A negative sagittal imbalance occurred when the C-7 plumb line was posterior to the posterior-superior corner of S-1, and a positive sagittal balance occurred when the C-7 plumb line was anterior to the sacral promontory. If the C-7 plumb line fell between the posterior-superior corner of S-1 and the sacral promontory, a well-balanced condition was indicated. Radiological assessment of fusion at follow-up was performed based on the presence of trabecular bone bridging at the site of osteotomy.
Surgical time, operative blood loss, functional improvement, and complications, including intraoperative and early postoperative events, were assessed using chart reviews. Clinical outcome was measured using the Oswestry Disability Index (ODI), and back pain was assessed using a visual analog scale (VAS) preoperatively and at final follow-up. 8 The AIS for neurological deficits was used before surgery and at follow-up.
Statistical analysis
Measurements were performed by 2 independent observers using the PACS system (p view, Infinitt). The intraobserver and interobserver agreement rate and k values were calculated to assess errors between the 2 observers. For statistical analysis, SPSS (version 17.0, IBM) was used, and a p value < 0.05 was considered significant.
results
The interobserver agreement rate was 87% (mean k = 0.65), and intraobserver agreement rate was 93% (mean k = 0.77). The intraobserver and interobserver error analyses showed good agreement.
The mean preoperative regional angle was 27.4° ± 5.8° ([± SD] range 19°-42°). Immediately after the operation, the mean regional angle was -2.2° ± 5.1° (range -10° to 4°), and it was -1.3° ± 4.9° (range -9° to 4°) at the last follow-up. The mean correction angle was 29.6° ± 5.3° (range 20°-41°). The difference in the mean preoperative and postoperative regional angles was statistically significant (p = 0.021). No obvious correction loss was noted at the last follow-up. The sagittal vertical axis was decreased from a preoperative mean of 2.4 ± 2.75 cm (range -1.0 to 10 cm) to the last follow-up mean of 1.0 ± 1.12 cm (range −1.1 to 2.6 cm) with an average correction rate of 58.3% (Table 2) . The mean surgical time was 275 minutes (range 185-360 minutes), with a mean intraoperative blood loss of 1585 ml (range 800-3000 ml) ( Table 3) . Some patients exhibited a large amount of intraoperative blood loss due to segmental vessel injury. Meticulous subperiosteal dissection was performed to expose the lateral wall of the apical vertebra. However, the segmental vessels were often injured during dissection because of adhesion of inflammatory granulation tissue around the apical vertebra. Consequently, care was taken to protect the segmental vessels. Intraoperative complications included 2 dural tears, 1 nerve root injury, and 1 superficial wound infection. All dural tears were repaired primarily and did not result in adverse sequelae. The nerve root injury resulted in postsurgical radiculitis and was managed conservatively. The superficial wound infection was treated successfully using debridement, primary closure over drains, and antibiotic therapy. There were no other severe complications.
The mean VAS back pain score decreased from a mean of 6.6 ± 1.0 (range 5-8) preoperatively to 2 ± 0.7 (range 1-3) at the last follow-up (p = 0.001), and the ODI score decreased from a mean value of 55.4 ± 16.0 (range 35-87) preoperatively to 22.6 ± 5.8 (range 16-35) at the last follow-up (p = 0.001) ( Table 3) . Some patients exhibited improved neurological function after surgery. The AIS grade was D in 6 patients and Grade E in 7 patients at the last follow-up. The preoperative AIS grade was C in 2 patients and improved to Grade D. The preoperative AIS grade was D in 5 patients; 2 of these patients improved to Grade E. However, 1 patient with preoperative Grade E worsened in neurological function due to intraoperative nerve root injury, to Grade D (Table 3 ).
All patients achieved bony fusion, which was confirmed based on the presence of trabecular bone bridging at the osteotomy and intertransverse processes site using radiographic evaluations, including AP and lateral views, and CT scans (Figs. 2 and 3 ).
discussion
Most thoracolumbar fractures have a good healing outcome after adequate treatment. However, posttraumatic thoracolumbar kyphosis can develop in a proportion of thoracolumbar fractures despite adequate treatment. In addition, posttraumatic thoracolumbar kyphosis can develop due to delayed or inappropriate treatment methods. 24, 29 Posttraumatic thoracolumbar kyphosis might be caused by factors related to treatment of the injury, such as delayed treatment, inadequate immobilization, weight bearing too early, incorrect surgical procedure and fixation (posterioronly surgery, short fusion segment, or prior laminectomy), or improper choice of internal fixation devices, as well as by factors unrelated to treatment, such as osteoporosis, osteonecrosis of the vertebral body, or Charcot spine. 4, 24, 29 In our study, posttraumatic thoracolumbar kyphosis was caused by inappropriate conservative treatment, osteoporosis, or osteonecrosis of the vertebral body in 13 patients. Posttraumatic thoracolumbar kyphosis can lead to the gradual collapse of the injured vertebra because of the direct force on the anterior and middle column of the spine. The biomechanical factors involved in the progression of the posttraumatic thoracolumbar kyphosis include an increase in the lever arm at the center of the gravity line with respect to the wedged vertebra. 30 The anterior elements of the spine fail under compression, and the posterior elements fail under tension. This results in an increase in the eccentric loads and increased wedging and kyphosis. With increased kyphosis, the intractable pain might derive from the site of the deformity itself, the injured disc, a bony nonunion, or the lordotic compensation above and below the deformity site where additional stresses are placed on the respective facet joints. In addition, the direct compression of the spinal cord caused by the apical vertebral body, degenerative discs, hypertrophic ligaments, and kyphosis stretching the spinal cord might result in neurological symptoms. 14, 23, 32 The surgical treatment of posttraumatic thoracolumbar kyphosis remains controversial. Whether the angle of kyphosis is the key factor indicating surgical therapy is undecided. Bedbrook reported that there is no association between kyphosis and pain, and patients reported no pain even when the angle of kyphosis was greater than 40°. 1 However, Gertzbein and Harris considered that when the angle of kyphosis exceeded 30°, the risk of pain increased significantly and surgical correction was necessary. 9 Chen et al. recommended that any kyphosis case with a kyphotic angle of more than 20° requires surgical correction. 6 In our study, the mean angle of kyphosis was more than 27.4°, and the patients exhibited abnormal posture, localized symptoms, and/or neurological deficits. Another controversial issue is whether patients with nerve damage and longer fracture histories without local symptoms should be treated using surgery. Bohlman et al. reported that for patients with a fracture history of less than 2 years, surgical therapy obtains good therapeutic results. 2 Zhang et al. found that among patients with even longer histories of fracture, 58% exhibited improved neurological function after correction and decompression. 33 The duration of the fracture is not an absolute factor that affects the therapeutic outcome of surgical management. Therefore, surgical treatment should be considered in cases of pain that is intractable to nonsurgical management, progressive deformity, or deteriorating neurological status.
The purpose of surgery is to restore the spinal sequence, relieve the direct compression of the spinal cord, reconstruct spinal balance and stability, improve symptoms, and prevent deformity. Surgery to correct posttraumatic thoracolumbar kyphosis has taken several forms, including anterior, posterior, and combined approaches. 10, 17, 26, 27 Posterior spinal fusion alone in the presence of existing kyphosis is not considered sufficient to treat posttraumatic kyphosis, and some studies have suggested that the anterior approach is better for vertebral compression fractures because the pathology is anterior. 12 Kaneda et al. and Kostuik and Matsusaki have reported successful results for anterior decompression and stabilization using anterior instrumentation for posttraumatic thoracolumbar kyphosis. 12, 16 However, others have suggested that anterior decompression and fusion should not be used alone to correct rigid kyphosis and have recommended additional posterior instrumentation and fusion to increase the rate of arthrodesis. 19 Therefore, there is a consensus that both anterior and posterior factors should be managed to sufficiently restore the alignment and obtain fusion in posttraumatic thoracolumbar kyphosis. 23, 28 Böhm et al. combined dorsal decompression and fixation with ventral osteotomy and grafting and achieved a mean angular correction of 22.5° in 40 patients. 3 However, a 2-stage or 3-stage supineprone-supine procedure is associated with more incisions, complications, and blood loss.
Currently, a single posterior approach is used most often for correction of the posttraumatic kyphosis. Posterior approach surgical techniques include SPO, posterior closing wedge osteotomy or pedicle subtraction osteotomy, and single-stage posterior vertebral column resection. 10, 17, 26, 27 Smith-Petersen osteotomy is used mainly for posterior column removal, shortening the posterior column, and lengthening the anterior column but it is associated with more neurovascular complications, lower fusion rate, and increased incidence of loss of correction than posterior subtraction osteotomy or posterior closing wedge osteotomy. Posterior closing wedge osteotomy or pedicle subtraction osteotomy shortens the posterior column but does not lengthen the anterior column, lowering the risk of spinal cord injury and achieving high fusion rates and great correction angles.
Posterior closing wedge osteotomy or pedicle subtraction osteotomy in a single posterior approach was advocated by Heinig. 11 One of the great advantages of the circumspinal decompression is to allow a clear visibility of the spinal cord and to ensure the absence of dangerously positioned structures around the spinal cord. Heinig used a modification of the Michele and Krueger approach and proposed the eggshell procedure to correct kyphosis, which consists of a closing wedge osteotomy. 11, 21 The principle is to weaken the vertebra anterior to the cord, remove all parts of the posterior elements, and produce a controlled compression fracture, while carefully observing the spinal cord and roots. This approach is thought to be reasonable because not only is deformity corrected but also the moment arm of kyphotic deformity is shortened, without stretching the spinal cord. The major vessels around the spine are also safe. This procedure was later modified by Gertzbein and Harris to correct posttraumatic kyphosis, and could achieved a mean of 30° sagittal correction. 9 Kawahara et al. described a technique of circumspinal decompression and closing-opening osteotomy using a single posterior approach to correct an angular kyphotic deformity. 13 Anterior decompression of the spinal cord is possible by costotransversectomy, and patients with or without neurological deficits are considered as suitable candidates for the procedure. In the 7 patients treated, localized kyphosis was reduced from a mean of 67° to 18°, and the sagittal alignment was improved. Suk et al. compared the surgical results between combined anterior-posterior procedures and posterior closing wedge osteotomy in posttraumatic kyphosis patients and believed that posterior closing wedge osteotomy may result in bet- ter correction, shorter operative time, and less blood loss compared with anterior-posterior surgery. 28 Therefore, the posterior closing wedge osteotomy procedure has been widely performed in posttraumatic kyphosis, with excellent results without neurological deterioration.
However, a posterior closing wedge osteotomy procedure is not always reasonable in cases of the posttraumatic thoracolumbar kyphosis with a severely wedged vertebra. The thoracolumbar junction is a transition between thoracic kyphosis and lumbar lordosis. The normal sagittal alignment of the thoracolumbar junction is straight, and there is no additional support from the rib cage. As such, there is a tendency for the injured vertebrae to collapse gradually and wedge in posttraumatic thoracolumbar kyphosis. Zhang et al. described that the pedicle region, and the posterior part of the upper endplate and disc of the injured vertebra are usually the apex of the posttraumatic thoracolumbar kyphosis, which compresses on the spinal cord. 34 When a regular posterior closing wedge osteotomy or pedicle subtraction osteotomy is attempted at the site of the severely wedged vertebra, it is inevitable that the collapsed upper endplate is removed, and the lower surface of the injured upper disc is exposed. When the closing procedure is attempted, the damaged upper disc will rest on the cancellous bone of the remaining vertebra. The damaged upper disc might induce back pain. Furthermore, bony fusion is difficult to achieve in this situation. Therefore, the modified posterior closing wedge osteotomy technique (posterior closing wedge osteotomy with removing the injured upper endplate and upper disc) can achieve effective correction of kyphosis and solid fusion between the inferior bony endplate of the upper vertebra and the rectangular lower half of the injured vertebra, which is of great importance for back pain relief.
A correction angle within 45° is considered to be safe. Heary and Bono used pedicle subtraction osteotomy to obtain a mean correction angle of 51° without postoperative complications. 10 Wu et al. also reported a single-staged posterior approach, posterior decancellation osteotomy, and achieved a mean correction of 38.8° in rigid posttraumatic kyphosis patients. 31 Lehmer et al. reported on 38 patients who underwent pedicle subtraction osteotomy surgery, with a 93% correction rate, and a 100% fusion rate at final follow-up. 18 Qiu et al. used pedicle subtraction osteotomy in 17 cases of kyphosis deformity caused by old thoracolumbar vertebral fractures and obtained a mean correction angle of 40° and a 100% fusion rate with a marked improvement in clinical symptoms and neurological function. 22 In our study, 13 patients were treated using a modified posterior closing wedge osteotomy; the maximum correction angle was 41° and the mean correction angle was 29.6°. Clinical symptoms were improved significantly by the time of the final follow-up. Neurological function improved from AIS Grade C to D in 2 patients and from AIS Grade D to E in 2 patients; however, 1 patient with a preoperative AIS Grade E had worsening neurological function to AIS Grade D due to intraoperative nerve root injury.
Our study had limitations, including a small sample size (13 patients) and a short follow-up period in some of the patients.
conclusions
The surgical treatment of posttraumatic thoracolumbar kyphosis is a challenge. Although the modified posterior closing wedge osteotomy procedure is technically demanding, it achieves satisfactory kyphosis correction with a direct visualization of the circumferentially decompressed spinal cord, and good fusion with less blood loss and complications. Therefore, the modified posterior closing wedge osteotomy technique is an alternative method in patients with posttraumatic thoracolumbar kyphosis.
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